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Introduction
The Convention on Biodiversity and other initiatives have
fueled the expectation that the sustainable use of wild plants,
animals, and other organisms will play an important role
in the conservation of biodiversity (Prescott-Allen and
Prescott-Allen 1996; Secretariat of the Convention Biologi-
cal Diversity 2001). Unfortunately, there are relatively few
cases (e.g., Olmsted and Alvarez-Buylla 1995; Maze and
Bond 1996) where the biology of a nontraditional species is
well enough known to determine if the impacts of harvesting
are sustainable. Whereas it is unlikely that we will ever have
the benefit of scientific and traditional use information as
a planning basis for many species, there is a need for studies
that document the impacts of different uses on a variety of
diverse organisms. We studied in detail one such activity,
the nonregulated commercial harvest of the flowers of sea
lavender Limonium carolinianum (Walter) Britton
(Plumbaginaceae), a perennial salt marsh herb.
The range of sea lavender includes the east coast of North
America from Newfoundland to Texas (Roland and Smith
1983). The species is fairly abundant although patchily dis-
tributed on coastal salt marshes. Like many salt marsh spe-
cies, L. carolinianum populations are threatened with loss of
natural habitat from agriculture and erosion (Hatcher and
Patriquin 1981). In Nova Scotia, about 43% of the original
salt marsh habitat remains (Hatcher and Patriquin 1981)
compared with 35% elsewhere in the Maritime Provinces
(Lands Directorate, Environment Canada 1986). What
remains of this unique habitat is fragmented, with many
pockets of salt marsh being <10 ha in size (Eaton et al.
1994). Limonium carolinianum populations are also under
pressure from commercial harvesting. Individual plants bear
from 1 to 20 or more inflorescences, which, due to their aes-
thetic appeal and ease of drying, are frequently used in floral
arrangements. The scale of such harvesting has recently
increased; a recent Nova Scotia study revealed that on four
major marshes the proportion of flower stalks harvested
averaged 32% from 1996 to 1999 on those parts of the
marshes within 100 m of road access (Baltzer et al. 2002). In
some years the proportion of flower stalks removed from
some marshes approached 100%.
The impact of flower harvesting on L. carolinianum popu-
lations is unknown. Baltzer et al. (2002) demonstrated that
no seedlings emerge in small (5 × 5 m) experimental plots
from which flowers were removed the previous year. The
rapid and dramatic effect of harvesting on seedling recruit-
ment is a function of the limited dispersal of this species
(90% of seedlings emerge within 61 cm of the parent) and
the absence of a seed bank (tethered seed experiments indi-
cate seeds do not survive >1 year under field conditions)
to buffer year-to-year variation in seed output (see Baltzer et
al. 2002). However, the impact of harvesting on seedling
recruitment may be of little consequence to the population
dynamics of this species. In long-lived perennial plants, vari-
ation in seed output may have minimal effects on population
growth rate (Caswell 1986; Schmid 1990; Calvo 1993; Maze
and Bond 1996). Furthermore, removal of the flowers pre-
vents seed set, and the reallocation of the resources that
would have been invested in seed production has the poten-
tial to have positive effects on adult survivorship and growth.
Experimentally preventing pollination or flower removal en-
hances vegetative growth and survivorship in a variety of
species (Zimmerman and Pyke 1988; Snow and Whigham
1989; Zimmerman and Aide 1989; Ackerman and Montalvo
1990; Primack and Hall 1990; Fox and Stevens 1991;
Ashman 1992; Lehtilä and Syrjänen 1993; Primack et al.
1994). It is conceivable, therefore, that in spite of its detri-
mental effects on seed output, flower harvesting may have
minimal, or even positive, effects on population growth.
Our objective in this study was to examine the demographic
consequences of flower harvesting in L. carolinianum. We
collected data on growth, survivorship, and reproduction for
both unharvested and experimentally harvested individuals
in seven size classes over a 4-year period. Experimental har-
vests were conducted in order to examine resource realloca-
tion in L.carolinianum. Harvested and unharvested data were
used to parameterize a stage-structured matrix population
model, which was then used to address the following ques-
tions. How important is resource reallocation from seed mat-
uration to vegetative growth in reducing the negative impact
of flower harvesting on population growth? What is the
long-term impact of current harvest levels on population
size? What is the maximum sustainable harvest level? How
long will it take for a population to recover from over-
harvesting once harvesting is discontinued? How long will it
take for a population of a given size to become extinct if
overharvesting continues indefinitely?
Materials and methods
Study species
Limonium carolinianum, commonly known as sea laven-
der, is a long-lived perennial salt marsh herb found in inter-
tidal areas incliding salt marsh and rocky and sandy beach
habitats where inundation with seawater occurs frequently.
Individuals have leathery, succulent leaves arranged in a
basal rosette and attached by a compressed stem to a central,
woody taproot. Individuals are capable of limited clonal
growth through the addition of ramets to the underground
stem. The ramets, however, remain attached to the central
taproot and do not give rise to physiologically independent
plants. Flowering occurs between July and October produc-
ing from 1 to >20 branched inflorescences bearing many
tiny purple flowers pollinated by insects. Breeding experi-
ments have shown L. carolinianum to be self-compatible and
wild individuals contain both selfed and crossed seeds
(Hamilton and Rand 1996). Each flower generally produces
one seed but may produce as many as four. Seed dispersal is
generally limited to within an 80-cm radius of the parent
plant (Baltzer et al. 2002). Seeds can float for as long as 7 h
(Baltzer et al. 2002) and have been found on the feet and
feathers of waterfowl (Vivian-Smith and Stiles 1994), indi-
cating that longer distance dispersal does occur. However,
using seed removal experiments, Baltzer et al. (2002) dem-
onstrated that although long-distance dispersal may be im-
portant in founding new populations, it is not important to
the local population dynamics.
Demographic parameters in an unharvested population
We studied a population of L. carolinianum in the Wolfville
salt marsh on the Bay of Fundy coast in Nova Scotia, Canada
© 2002 NRC Canada
842 Can. J. Bot. Vol. 80, 2002
     
     
   

Stage class distribution
The stage distribution vector for the Wolfville salt marsh
in 1999 (see below) was calculated as follows. Circular plots
(1-m radius) were first established around 112 randomly
selected points. Any plant that we observed above the thatch
that was in bloom or bore flower stalk scars from previous
years was classified as an adult; others were classified as
juveniles. The total number of ramets and flower stalks were
recorded for each plant. Within each plot, two 15 × 15 cm
subplots were randomly established and the number of small
juvenile plants beneath the thatch counted. The total area
sampled was determined and estimates of the number of
plants currently in each stage category were made for the en-
tire study area (area = 7.3 ha). The total number of seedlings
on the marsh was determined by multiplying the average
number of seedlings produced per plant (of a given size
class) by our estimate of the total number of plants of that
size class on the marsh (see above) and summing.
Effect of harvesting on survivorship and growth
One hundred and eighty adult plants were selected and
tagged in 1996. Sixty of these were randomly designated as
controls. The remaining 120 had their flower stalks removed
at or before full bloom each year from 1996 to 1998. In
1997, an additional 70 control plants were added. In May
of 1996–1999, we counted the total number of ramets on
each plant. The effect of harvesting on survivorship was as-
sessed using a two-tailed Fisher’s exact test to examine the
proportion of the original 180 plants that died in the har-
vested versus control treatments at the end of the 3-year
period. The effect of harvesting on number of ramets in any
one year was assessed by analysis of covariance with treat-
ment (whether or not flowers were removed) as the single
classification variable and number of ramets in the previous
year as a covariate.
Matrix population model
Using the above data, we parameterized a stage structured
matrix population model with seven life stages: seed, seed-
ling, juveniles, 1 ramet adults, 2–4 ramet adults, 5–7 ramet
adults, and 8+ ramet adults. Survivorship, growth, and
fecundity for each stage were summarized in the form of a
population projection matrix (Caswell 1989). The diagram
(Fig. 1) shows all possible stage transitions.
The results of the stage class distribution survey (see
above) were used to construct the initial stage distribution
vector for the population. The seven rows in this vector con-
tained the number of individuals found in each of the seven
growth stages for the Wolfville population.
Three different versions of the matrix model were con-
structed. Model I had a population projection matrix in
which the transition probabilities were the average (across
years) values for the unharvested control plants. Fecundities
either were the average values or were set to some fraction
of these values to simulate different harvest levels. Model II
set the fecundities to zero and used the average transition
probabilities for the experimentally harvested plants. Model
III was a stochastic version of the first model; the fecundity
and transition probabilities for a particular stage were
randomly selected from among the estimates for individual
years for each iteration of the model. The random selection
process was limited in that entire columns within the matri-
ces were selected rather than individual probabilities to
avoid the possibility of having the probabilities for a given
stage sum to a value >1. These three models were used in a
series of experiments to assess the impact of flower harvest-
ing on population dynamics and how this impact may be
modified by taking into consideration the cost of seed pro-
duction and by variation in population size.
Experiment 1. Importance of fecundity in determination
of population growth rate
Stage-specific sensitivity and elasticity analyses (Caswell
1978) were conducted on the version of model I that
included the observed fecundities for the control plants. Sen-
sitivity analyses measure the impact of small changes of a
transition probability on the growth rate of the population
(Caswell 1989). In other words, the magnitude of the sensi-
tivity value for a given transition indicates its importance to
the population growth rate. Elasticity analyses, on the other
hand, measure the proportional contribution of a transition
probability to growth rate (de Kroon et al. 1986) (formulae
used in calculation of elasticities and sensitivities are pre-
sented in the Appendix).
Experiment 2. Cost of seed maturation and its role in
mitigating the impact of flower harvesting
After setting fecundity to zero in model I as well as in
model II, the dominant eigenvalue of each projection matrix
was determined as an estimate of population growth rate.
Predicted population size over a 30-year time period was
also determined for both models through repeated multipli-
cation of the projection matrix and stage distribution vector.
The version of model I used in this exercise represents a
population that is subjected to 100% harvest, yet still retains
the transition probabilities of the control population from
which flowers were not removed. Model II, on the other
hand, is based on the empirical data from the experimental
population from which all flowers were removed. Therefore,
the transition probabilities in this model incorporate the po-
tential benefits of not having to allocate resources to seed
maturation. As a result, the predictions of these two models
provide a measure of the error involved in failing to consider
the benefits of not producing seeds in predicting the long-
term effects of flower harvesting.
Experiment 3. Maximum sustainable level of flower
harvesting
For the purposes of this study, the maximum sustainable
harvest was defined as that level that resulted in neither an
increase nor a decrease in projected population size over
time (Olmsted and Alvarez-Buylla 1995). To determine this
level, the fecundities in Model I were reduced to that per-
centage of their original value that resulted in a growth rate
of 1 for the population projection matrix. This procedure
assumes that harvesting impacts all stages equally, i.e., it
assumes that harvesters do not target particular stages for
flower collection. This is fairly realistic given that a single
harvester will focus on a localized patch within a marsh
which they will harvest almost entirely (including smaller
adult stages; personal observation).
© 2002 NRC Canada
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The elasticity analysis indicated that transitions among the
various adult growth stages contributed the most to the over-
all population growth rate (Table 4). The three highest elas-
ticities were for the transitions from the 8+ to 8+ ramet
categories (0.213), the 2–4 to 2–4 ramet categories (0.125),
and the 1 to 2–4 ramet categories (0.093). The lowest elas-
ticity was for the seedling to juvenile transition (0.00019).
The reproductive transitions were also relatively low. The
elasticities for the adult to seed transitions ranged between
0.0323 and 0.0617, the value of the elasticity increasing as
the size of the plant increased.
The average transition probabilities used in model I
(unharvested) and model II (harvested) are presented in
Fig. 1. Harvesting resulted in both increases and decreases
in growth and (or) survivorship depending on the particular
growth stage examined. The population growth rate of
model I was slightly above 1 (1.007), indicating that the un-
harvested population was increasing slowly in size. Re-
ducing fecundities to zero in model I to simulate a 100%
harvest reduced the population growth rate to 0.916. The
population growth rate of model II, which also assumed a
100% harvest but used the transition probabilities of the
experimentally harvested plants, reduced the growth rate
to 0.908. In other words, the net effect of considering the
impact of flower removal on adult growth and (or)
survivorship was a further decrease in population growth,
© 2002 NRC Canada
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Dependent variable Source df
Sum of
squares
Level of
significance
Ramets 1997 Model 2 1936.12 0.0001
Ramets 1996 1 1930.13 0.0001
Treatment 1 5.98 0.2828
Error 147 756.58
Ramets 1998 Model 2 2024.17 0.0001
Ramets 1997 1 2019.55 0.0001
Treatment 1 4.62 0.4545
Error 199 1635.71
Ramets 1999 Model 2 2523.56 0.0001
Ramets 1998 1 2506.87 0.0001
Treatment 1 16.70 0.1826
Error 186 1735.08
Table 2. Analysis of covariance for the relationship between plant size (num-
ber of ramets) in year t and plant size in year t – 1 as affected by treatment
(harvested versus unharvested) for Limonium carolinianum for the period from
1996 to 1999.
Seed Seedling Juvenile 1 ramet 2–4 ramets 5–7 ramets 8+ ramets
Seed — — — 5.17 × 10–6 6.65 × 10–6 3.09 × 10–6 4.21 × 10–6
Seedling 1.71119 — — — — — —
Juvenile — 0.00082 0.1031 — — — —
1 ramet — — 16.3624 0.103543 0.13301 0.061932 0.084236
2–4 ramets — — — 0.246181 0.229793 0.106996 0.145529
5–7 ramets — — — 0.334349 0.155679 0.211744
8+ ramets — — — — 0.458643 0.213552 0.29046
Note: Values represent the impact of small changes in a transition probability on population growth rate of Limonium
carolinianum.
Table 3. Results of sensitivity analysis on model I.
Seed Seedling Juvenile 1 ramet 2–4 ramets 5–7 ramets 8+ ramets
Seed — — — 0.00281 0.01491 0.01168 0.032315
Seedling 0.058729 — — — — — —
Juvenile — 0.00019 0.0444 — — — —
1 ramet — — 0.05873 0.03319 0.00924 0.00151 0.000837
2–4 ramets — — — 0.09305 0.12548 0.02668 0.008795
5–7 ramets — — — 0.07492 0.05134 0.034708
8+ ramets — — — — 0.00889 0.06452 0.213887
Note: Values represent the proportional contribution of a transition probability to population growth rate of Limonium
carolinianum.
Table 4. Results of elasticity analysis on model I.
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their offspring are ready to reproduce. Further, as small one-
ramet adults, their fecundity will be relatively low until they
increase in size and enter the large size classes. It must also
be remembered that there was a great deal of year-to-year
variation in the survivorship of seeds and seedlings and in
the growth of the smallest adult size class. Therefore, recov-
ery could be further delayed by normal environmental fluc-
tuation.
Although the model suggests that the levels of flower har-
vesting that have been observed in Nova Scotia (Baltzer et
al. 2002) will not drive L. carolinianum populations to ex-
tinction in the foreseeable future, this does not mean that ac-
tive management of the resource is unnecessary. The model
predicts that the maximum sustainable harvest is 16%. The
average observed harvest level on easily accessible marshes
on the Bay of Fundy is about twice this value. It is true that
the model also predicts that a 30% harvest would result in a
relatively slow decline that could easily be overwhelmed by
natural fluctuations in growth, survivorship, and fecundity.
However, the extremely long recovery times dictate that pop-
ulation size be monitored closely and harvest levels adjusted
accordingly to prevent any significant decline. Our results
suggest that a 25% decline in population size could occur in
as few as 7 years, while it would take 34 years on average
to recover from this decline assuming all harvesting was
banned. If for no other reason than to maximize the number
of flower stalks harvested, it makes sense to prevent such
population declines. It should also be noted that although the
average levels of harvesting that have been observed in Nova
Scotia may not drive populations to extinction, the actual
harvest level in a particular marsh may differ substantially
from this average value. In our earlier study (Baltzer et al.
2002), the highest harvest level was observed on the marsh
closest to the province’s major urban center and in one year
approached 100% removal. In more heavily populated areas,
high harvest levels might occur more frequently than would
be the case on the Bay of Fundy. In Rhode Island, for exam-
ple, L. carolinianum has received protected status, which
would suggest that harvest levels in this area were high
enough to cause serious population declines.
The harvesting of native wild flowers is a significant in-
dustry that could be used to help preserve shrinking areas of
natural habitat (IUCN 2000). In Australia, for example, the
estimated size of the native flower harvest is $85 million
(FECA 1995). It is vital, however, that this resource is man-
aged in a sustainable fashion. Our study demonstrates that
we cannot simply assume on the basis of the presumed
trade-off between seed production and growth that flower
harvesting in perennial plants is a low-impact use. However,
it also demonstrates that this resource can be managed in a
sustainable fashion.
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Appendix
Sensitivity formula:
Sij = ∂λ/∂aij = viwj/<w,v>
where ∂λ/∂aij is the the change in population growth rate (λ)
with the matrix element in row i and column j, viwj is the
product of the ith element of the reproductive value vector
(vi) and the jth element of the stable stage vector (wj), and
<w,v> is the the scalar product of the reproductive value
vector (v) and the stable stage distribution vector (w).
Elasticity formula:
eij = (aij/λ)(∂λ/∂aij)
where eij is the elasticity value for the matrix element in row
i and column j, aij is the matrix element in row i and column
j, λ is the population growth rate (dominant eigenvalue of
projection matrix), and ∂λ/∂aij = Sij.
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